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The Andes is the most biodiverse region across the globe. In addition, some of
the largest urban areas in South America are located within this region. Therefore,
ecosystems and human population are affected by hydroclimate changes reported at
global, regional and local scales. This paper summarizes progress of knowledge about
long-term trends observed during the last two millennia over the entire Andes, with more
detail for the period since the second half of the 20th century, and presents a synthesis
of climate change projections by the end of the 21st century. In particular, this paper
focuses on temperature, precipitation and surface runoff in the Andes. Changes in the
Andean cryosphere are not included here since this particular topic is discussed in other
paper in this Frontiers special issue, and elsewhere (e.g. IPCC, 2019b). While previous
works have reviewed the hydroclimate of South America and particular sectors (i.e.,
Amazon and La Plata basins, the Altiplano, Northern South America, etc.) this review
includes for the first time the entire Andes region, considering all latitudinal ranges:
tropical (North of 27◦S), subtropical (27◦S−37◦S) and extratropical (South of 37◦S). This
paper provides a comprehensive view of past and recent changes, as well as available
climate change projections, over the entire Andean range. From this review, the main
knowledge gaps are highlighted and urgent research necessities in order to provide
more mechanistic understanding of hydroclimate changes in the Andes and more
confident projections of its possible changes in association with global climate change.
Keywords: hydroclimate of the Andes, global change in the Andes, hydroclimate trends in the Andes,
hydroclimate projections of the Andes, climate change in the Andes, climate change scenarios for the Andes
INTRODUCTION
Earth’s environment has experienced long-term changes at planetary and continental scales,
including changes of atmospheric circulation, ocean circulation, carbon cycle, nitrogen cycle, water
cycle, sea-ice extension, sea level, food chains, biological diversity, air, and water composition,
among many others (IPCC, 2013). Currently, these changes in consequence provoke several
Frontiers in Earth Science | www.frontiersin.org 1 March 2020 | Volume 8 | Article 61
feart-08-00061 March 13, 2020 Time: 19:2 # 2
Pabón-Caicedo et al. Hydroclimate Changes in the Andes
environmental impacts such as soil degradation, desertification,
water and air pollution, water, energy and food scarcity, and
health problems (IPCC, 2014, 2019a,b). In the Andean region,
global environmental change has been evidenced mainly in the
modification of land cover, land use and hydroclimate. Changes
in land cover, which have impacted regional water and energy
cycles, involves different time-scales driven by geological and
climate processes, which shaped the altitudinal zones (types of
vegetation and glaciers) throughout different periods of evolution
(Flantua, 2017).
The interaction of regional atmospheric circulation with the
Andean orography configures the current spatial and seasonal
patterns of regional hydroclimate that are modified during
long periods by other processes of the Earth’s system, but
this interaction varies along the Andes. In the north tropical
Andes (North of 8◦S; Ecuador, Colombia, and Venezuela) and
south tropical Andes (8◦S–27◦S; Peru, Bolivia), the eastern
side (inward) of the Cordillera allows the convergence of the
atmospheric moisture provided by the Intertropical Convergence
Zone (ITCZ) and by the South American Monsoon System
(SAMS), generating a humid environment and a particular
feature in the distribution of mass (atmospheric moisture) and
energy (latent and sensible heat) (Makarieva and Gorshkov,
2007; Poveda et al., 2014; Espinoza et al., 2015; Chavez and
Takahashi, 2017). On the eastern side of the subtropical Andes
occur some of the strongest convective phenomena in the world
(Altinger de Schwarzkopf and Rosso, 1982; Rasmussen et al.,
2014; Zuluaga and Houze, 2015). Warm and wet air from
the Amazonian region is transported along the eastern side of
the Andes to the south generating a low-level jet. Strong and
deep convection is generated when this air is uplifted by the
“Sierras de Córdoba” and/or interacts with incoming south cold
fronts and upper level disturbances. In the western side of the
Southern Andes, the prevailing atmospheric moisture source is
the evaporation from the Pacific Ocean (Gimeno et al., 2016).
Moreover, the heavy orographic precipitation events during
winter over the western slopes of the subtropical (27◦S–37◦S)
and extratropical Andes (South of 37◦S; mainly central and
southern Chile) are strongly related to the intense water vapor
transport from the southern Pacific, associated with extratropical
cyclones (Viale and Nuñez, 2011), with the most intense rainfall
occurring near and above the top of the mountain range
(Falvey and Garreaud, 2007). These features of the Andean
hydroclimate have experienced recent changes, as evidenced by
several studies.
Previous research has provided new knowledge about Andean
environment, allowing a better understanding of regional
hydroclimate processes, including changes of hydroclimate
patterns in different time scales. Most previous studies have been
dedicated to specific regions into the Andes, while an integrated
overview of the observed and projected hydroclimatic changes
throughout the Andes is still lacking. In addition, there are still
several research topics that need further development and surely
new research problems have appeared that need to be solved. The
review presented here focuses on the progress of knowledge about
hydroclimate changes observed during the last two millennia
as well as changes throughout the 20th Century, and climate
change projections by the 21st Century over the Andes. First,
we summarize current knowledge on the hydroclimate changes
of the Andes during the last two millennia, followed by the
changes during the last decades and a final section related to
projected changes. We finalize with a description of the main
concluding remarks.
HYDROCLIMATE CHANGES IN THE
ANDES DURING THE LAST TWO
MILLENNIA
Given the shortness of most instrumental climate records
along the Andes, it is highly recommendable to rely on
paleoenvironmental records to characterize natural climate
variability and place current climate changes in the context of
the last hundred to thousand years (Bradley, 2013). Particular
emphasis has been given to the study of climatic variations
during the last 2000 years, a period in which the conditions
of the global climate system have been very similar to those
of today (i.e., similar sea levels, approximately the same
global ice cover, similar ocean circulation; Abram et al.,
2016). In the effort to characterize past climates, the Andes
provide a unique opportunity since along the region, the
large diversity of paleo-indicators with its long geographic
extension can be combined. The diverse topography of the Andes
houses numerous high-resolution natural archives (seasonal
to decadal information on climate), including ice cores, tree
rings, speleothems, sedimentary records, boreholes and historical
documents, among others. The Andes mountains constitute
the richest region with high-resolution paleoenvironmental
records in South America, and possibly in the entire Southern
Hemisphere (SH; Villalba et al., 2009). Most of the high-
resolution paleoenvironmental records available in the Andes
cover the last 200–500 years, but some of them exceed 2000 years
(Lara and Villalba, 1993).
One of the major questions that persist in paleoclimate studies
over the past millennia is to establish the global imprint of
well-documented climate anomalies in the Northern Hemisphere
(NH). Periods abundantly documented in Europe and other
mid-latitudes in the NH (Bradley, 2013), such as the Medieval
Climate Anomaly (MCA, the warm period centered on the first
centuries of the last millennium) or the Little Ice Age (LIA,
the cold interval between the 15th and 19th centuries), have
not yet been conclusively substantiated across South America. It
is well known that glaciers advanced in the Andes concurrent
with the LIA in Europe, but important differences in the
timing of the ice advances along the Andes have already been
documented (Masiokas et al., 2009). There is no consensus
on the causes of the LIA, but most studies indicate that
the LIA event was induced by the combination of frequent
volcanic eruptions and weak solar radiation (Ahmed et al.,
2013; Brönnimann et al., 2019). The existence of MCA has
been proposed for South America for over 30 years (Villalba,
1994), but evidence of its occurrence is still scarce and not
always straightforward. In this section, we review a selection
of high-resolution (annual or seasonal) paleoclimatic studies
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based on records along the Andes to depict long-term variations
in temperature and precipitation during the last 2000 years.
Although the major emphasis is placed on precipitation changes,
we also collect information on past temperature variations
to illustrate the occurrence of long-term past climatic events
showing major contrasts in hydroclimatic conditions such as
droughts and floods.
Temperature and Precipitation Changes
in the Tropical Andes (North of 27◦S)
High-resolution proxies sensitive to temperature are scarce in the
tropical Andes (Villalba et al., 2009). Based on ammonium (NH4
+ concentrations in ice cores from Nevado Illimani (16◦37′S,
67◦46′W, 6300 m), Bolivia, Kellerhals et al. (2010) reconstructed
the temperature variations over the past 1600 years for this sector
of tropical South America (Figure 1C). The Nevado Illimani
temperature record shows relatively warm conditions during
the first centuries of the last millennium followed by colder
temperature between the 15th and 18th centuries. This record
suggests that the MCA and LIA events were not limited to high-
latitudes in the NH but also registered at 16◦S in tropical South
America. Nevertheless, while the LIA cooling in the NH has
traditionally been associated with an increase in frequency and
intensity of volcanic eruptions concurrent with a reduction in
solar radiation (Bradley, 2013; Brönnimann et al., 2019), in the
tropical Andes it was likely related to precipitation-temperature
interactions. In the tropical Andes, increased cloud cover
during wet conditions reduces air temperature, in line with the
simultaneous occurrence of wet (dry) and cool (warm) periods
in Pumacocha (Figure 1B) and Nevado Illimani (Figure 1C),
respectively. Therefore, the simultaneous occurrence of long-
term temperature anomalies at both mid-high NH latitudes
and the tropical Andes may have been modulated by different
drivers, but they might be dynamically connected. In the Nevado
Illimani temperature reconstruction, the last decades of the
20th century are characterized by extremely warm temperatures
that seem unprecedented in the context of the last 1600 years
(Kellerhals et al., 2010).
Different paleo-indicators suggest that the changes in the
SAMS during the last millennia were connected, to some
extent, with the inter-hemispheric temperature gradient over the
Atlantic Ocean, affecting hydroclimate of the Andes-Amazon
region. The δ18O records from the laminated sediments in
Laguna Pumacocha (10◦42′S, 76◦04′W; Figure 1) show that
the SAMS underwent in the last 2300 years decadal to multi-
decadal scale variability embedded in three main centennial-long
intervals. The first period concurrent with the MCA in the
NH was characterized by pronounced dryness. It was followed
by markedly humid conditions during the LIA and a return
to drier conditions since the beginning of the 20th century
(Figure 1B). This current warm period (CWP) was characterized
by the highest positive δ18O values throughout the 2300-year
record (Bird et al., 2011). Thus, in response to pronounced
cooling of the NH during the LIA (Figure 1A), the ITCZ
would have moved toward the south, intensifying the monsoon
activity in the Amazon basin and, in general, at the tropical
portion of South America, including the tropical Andes (Bird
et al., 2011; Vuille et al., 2012). On the contrary, during the
warm periods of the MCA and CWP in the NH, the ITCZ
migrated northward, reducing the transport of humidity toward
the core of the SAMS domain, increasing the dry conditions
over the tropical Andes. The long-term temporal oscillations
in the δ18Ocal record from Pumacocha were concurrent with
variations recorded in the temperature reconstruction for NH
(Figures 1A,B) by Moberg et al. (2005), suggesting that long-term
changes in SAMS intensity are sensitive to fluctuations in ITCZ
latitude on similar time scales (Bird et al., 2011; Novello et al.,
2012, 2016; Vuille et al., 2012).
In the most arid southwestern sector of the South American
Altiplano (18–22◦S, 67–69◦S), the Polylepis tarapacana tree
rings have been successfully used to reconstruct the variations
in annual rainfall over the past seven centuries (Figure 1D;
Morales et al., 2012). In this sector of the Altiplano, summer
rains represent more than 80% of total annual precipitation.
In the Altiplano, as in other regions of the Andes, El Niño-
Southern Oscillation (ENSO) events introduce an enormous
interannual variability in precipitation, which somehow masks
the long-term oscillations (Christie et al., 2009). However,
the reconstruction of precipitation shows persistent long-term
periods with abundant or reduced rainfalls (Figure 1D). The
persistent rainfall reduction since the mid-19th century to
the present is the most relevant long-term feature in the
reconstruction. Since the 1930s, this persistent negative trend in
precipitation has intensified, with the driest years since 1300 AD
occurring in the last 70 years.
Precipitation Changes in the Subtropical
Andes (27◦S−37◦S)
Austrocedrus chilensis tree-ring records have recently been used
to develop the first millennial reconstruction of rainfall in the
subtropical Andes, particularly in central Chile (Garreaud et al.,
2017). Similar to the Altiplano, rainfall in central Chile shows
large ENSO-induced interannual variability (Montecinos and
Aceituno, 2003). This enormous variability hinders to some
extent the direct identification of long-term oscillations in
rainfall during the last 1000 years, even though some long-
term anomalies are well identified (Figure 1E). During the 11th
and 13th centuries concurrent with the MCA, multi-decadal
dry periods were observed. Preceded by a long wet period, the
reduction of rainfall from the beginning of the 19th century to
the CWP constitutes, as in the Altiplano, the most outstanding
long-term feature of the last millennium. On the other hand, the
two long-term periods with abundant rainfall do not seem to be
associated with the colder (LIA) event, but with the transitions
from the MCA to LIA, and from LIA to CWP, centered on the
14th and early 18th centuries (Figure 1E).
Temperature and Precipitation Changes
in the Extratropical Andes (South of 37◦S)
At extratropical latitudes, summer temperature reconstructions
derived from Fitzroya cupressoides tree rings (Villalba, 1990; Lara
and Villalba, 1993, and updates) indicate that the 20th century
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FIGURE 1 | Climatic variations along the Andes during the last 2000 years and their relationships with hemispheric and global forcings of long-term climate
variability. (A) Reconstruction of NH temperature anomalies (Moberg et al., 2005), (B) The Pumacocha δ18O record of SAMS intensity (Bird et al., 2011);
(C) Reconstruction of tropical South American temperature anomalies (Kellerhals et al., 2010); (D) Annual precipitation reconstruction in the South American
Altiplano (Morales et al., 2012); (E) Reconstruction of winter–early summer (June–December) normalized precipitation anomalies from Central Chile (Garreaud et al.,
2017); (F) Precipitation-sensitive chronology from Austrocedrus chilensis in northern Patagonia (Villalba et al., 2012); (G) Summer (December-February) temperature
reconstruction in northern Patagonia (Villalba, 1990 and updates); (H) Annual temperature variations in southern Patagonia (Villalba et al., 2003); (I) Ensemble mean
temperature reconstruction for the SH relative to the millennium mean (Neukom et al., 2014); (K) Summer (December-March) reconstruction of the Southern Annular
Mode (Dätwyler et al., 2018); (M) Twenty-four member climate model ensemble for temperature variability in the SH (Neukom et al., 2014). To emphasize the
long-term variability, all records are also shown in a smoothed version using a 128-year spline filter; (N) Map of the western part of South America showing the
location of the proxy records and the geographical areas discussed in the text.
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has been the warmest interval during the last millennium in
the northern Patagonian east of the Andes (Figure 1G). The
records of stable isotopes from Fitzroya extending from AD
1800 to present, also indicate that the 20th century was warmer
than the 19th century, recording the highest temperatures of the
past 200 years since the mid-1970 (Lavergne et al., 2018). The
lowest temperatures in the eastern sector of northern Patagonia
were concurrent with the LIA in the NH (Figure 1A) and
with the period of lowest temperatures in the SH over the
last millennium (Figure 1I). During the MCA, reconstructed
temperatures oscillated around the long-term mean (Figure 1G).
Most of the long-term periods with low temperatures in northern
Patagonia showed abundant precipitations (Figures 1G,F), a
climatic pattern seen in current instrumental records during
summer (Bianchi et al., 2016).
High-resolution reconstructions of temperature variations
in southern South America (47–52◦S) have been based on
Nothofagus pumilio tree-ring chronologies and they are limited
to the past 200–400 years (Aravena et al., 2002; Villalba et al.,
2003). In these records, the lowest temperatures reconstructed
during the end of the LIA contrast with the period of
high temperatures since the beginning of the 20th century
(Figure 1H). As in northern Patagonia, temperatures from the
1970s onward are the warmest in the last four centuries. Although
current high-resolution paleoclimatic records in the region are
limited in temporal coverage, a combination of radiocarbon and
dendrochronological dating of in situ subfossil trunks buried
by glacial deposits support the occurrence of a warmer interval
before than the LIA (Masiokas et al., 2009). Trees buried by
glacier advances associated with LIA suggest that forests in
front of valley glaciers were established during the MCA, when
temperatures in southern Patagonia were similar to or even
higher than today. These records support the occurrence of cold
events during the LIA preceded by warmer events concurrent
with the MCA in the southern Patagonian Andes. This pattern
of temperature variations is consistent with those recorded in
both the NH (Figure 1A) and SH (Figure 1I) and with Southern
Annular Mode (SAM) variations over the last 1000 years showing
positive indices from approximately 1000 to 1400 and recently
from 1900 to present (Figure 1K).
Ten degrees latitude farther south in the Andes, variations in
precipitation over the last millennium have also been estimated
from Austrocedrus chilensis trees at the dry steppe-forest ecotone
in northern Patagonia (37–44◦S; Villalba et al., 1998, 2012 and
updates). Similar to the Altiplano and central Chile, the inter-
annual variability in this precipitation-sensitive record is very
high, masking somewhat the low-frequency climatic signal in the
record (Figure 1F). The longest wet period from mid-15th to late-
17th centuries in the past millennium was concurrent with the
cold period of the LIA recorded in both the NH (Figure 1A) and
the SH (Figure 1I), as well as in northern Patagonia temperature
reconstruction (Figure 1G). Two prolonged dry periods at the
end of the 11th century and centered on the 14th century
were recorded during the MCA (Figure 1F). These two long-
term dry periods have been surpassed in magnitude by the
severe droughts in recent decades (Figure 1F). Indeed, northern
Patagonia has showed the largest reduction in precipitation in
the extratropical Andes since the mid-20th century (Quintana
and Aceituno, 2012), a negative precipitation trend associated
with the persistently positive increase in the SAM (Figure 1K).
Consistent with the SAM influences on precipitation in northern
Patagonia during the instrumental period (Garreaud et al., 2009;
Villalba et al., 2012), the long-term interval with abundant
precipitation during the LIA was concurrent with the most
marked negative trends in SAM during the last millennium
(Figure 1K; Dätwyler et al., 2018).
Paleoclimate Model Simulations
A 24-member multi-model ensemble for temperature variations
during the past millennium in the SH (Figure 1M; Neukom et al.,
2014) show some common features with proxy-based climate
reconstructions. The warmest pre-industrial temperatures are
simulated sometime between 1050 and 1250 preceding somewhat
the phase of maximum SH pre-industrial warmth in the SH
temperature reconstruction (Figure 1I; Neukom et al., 2014).
Between 1300 and 1900, simulated temperatures are close to the
1000–2000 mean, periodically interrupted by shorter volcanically
induced cold excursions. In contrast to the delay in industrial
SH warming in the SH temperature reconstruction (Figure 1I),
the climate model simulations show a mostly synchronous
temperature increase after 1850 (Figure 1M). The multi-model
temperature ensemble shows some similarities with the temporal
evolution of the SAM (Figure 1K) during the last 1000 years,
particularly during the period AD 1000–1500. However, Dätwyler
et al. (2018) explicitly stated no link between their reconstructed
SAM index and external forcings, suggesting that the apparent
trend similarities between simulated SH temperatures and the
reconstructed SAM may only be just coincidence. The clearest
global cooling signals in response to the volcanic eruptions
around years 1450 (likely Reclus volcano; Hartman et al., 2019)
and 1258 (Samalas) in the ensemble models are present in the
SAM reconstruction (Figure 1K), recording two of the most
negative indices during these volcanic eruptions.
The number of high-resolution paleoenvironmental records
should be increased to achieve a comprehensive view of the
long-term climatic variations over the past two millennia across
the extensive and topographically complex Andes Mountains.
However, the proxy indicators developed so far have initially
allowed us to advance our understanding of long-term climate
variability in the Andes. The seven selected natural archives
shown in Figure 1, regardless of type (trees, sedimentary records,
ice cores) and parameters evaluated (ring width, chemical or
isotopic composition), coincide in showing that the climate
during the last decades (to be discussed in the following section)
along the Andes is experiencing extreme climatic conditions,
many of them unprecedented in the last millennia (Figure 1).
HYDROCLIMATE CHANGES IN THE
ANDES OBSERVED DURING THE LAST
DECADES
Recent hydroclimate changes over the Andes are widely
manifested by trends in air surface temperature, precipitation,
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glaciers area and volume, runoff and surface land cover. Here,
the recent trends on hydroclimate variables in the Andes are
reviewed. Cryosphere changes in the Andes are not discussed in
this work. This topic is discussed by a paper in this Frontiers
special issue, and by the recent Intergovernmental Panel on
Climate Change (IPCC) special report on oceans and cryosphere
in a changing climate (IPCC, 2019b).
Air Surface Temperature Trends in the
Andes
The IPCC Fifth Assessment Report (AR5) summarized scientific
literature addressing trends of air surface temperature in South
America (IPCC, 2013, 2014). However, since 2012, several
regional studies not assessed in the AR5 (Marengo et al.,
2012a; Pabón, 2012; de los Skansi et al., 2013; Lavado-Casimiro
et al., 2013; Seiler et al., 2013a,b; Carmona and Poveda,
2014; Vuille et al., 2015; Castino et al., 2016; Morán-Tejeda
et al., 2016) provide updated analyses and revisit previous
trend estimates over different zones in the Andes, as well as
point out a number of scientific questions associated with the
detected trends.
Among all studies, there is a general agreement in the rising
of temperatures from different perspectives and metrics. These
studies suggest an overall increase in the number of warm days
and nights, as well as a decrease of cold nights and days over
western South America (i.e., the Andean belt from Ecuador
to Argentina). IPCC (2014) reported an increasing trend of
0.1–0.4◦C/decade in monthly mean temperature and an overall
increase of temperature extremes on tropical (North of 27◦S)
and subtropical (27◦S–37◦S) Andes. Over the tropical Andes
minimum and maximum temperatures show a rising trend with
a few exceptions in Bolivia and Peru highlands (Martínez et al.,
2011). Barkhordarian et al. (2017) attributed an increase of daily
maximum and minimum temperatures, especially during the
December-January-February (DJF) over the north tropical Andes
(North of 8◦S), to anthropogenic activity. In addition, over the
Amazon rainforest, warming trends have reached values of 0.6–
0.7◦C over the last 40 years, suggesting 2016 as the warmest year
in the region since at least 1950 (Jimenez-Muñoz et al., 2018;
Marengo et al., 2018a).
A growing number of studies suggests that the rate of
warming may be amplified with elevation (e.g., Rangwala
and Miller, 2012; Pepin et al., 2015; Palazzi et al., 2017,
2019). Although there is not yet full agreement on this issue,
the elevation-dependent warming (EDW) may have important
implications for the mass balance of the high-altitude cryosphere;
it can accelerate the rate of change in mountain hydrological
regime, ecosystems, and biodiversity. The lack of a dense
network of stations along the Andes does not allow addressing
comprehensively this issue. However, Russell et al. (2017)
show evidence from several reanalysis products of a regional
enhancement of mid-tropospheric warming around the south
tropical Andes (8◦S–27◦S) over the past few decades that
makes this region stand out as a hotspot within the broader
pantropic. On the other hand, a vertical stratification of the
temperature trends over recent decades has been documented
by a number of regional studies for the tropical Andes and
western slopes of the subtropical Andes (27◦N–37◦N) (Falvey
and Garreaud, 2009; Vuille et al., 2015; Burger et al., 2018).
Vuille et al. (2015) and Aguilar-Lome et al. (2019) show
an EDW of air and land surface temperature in the region,
respectively (Figure 2). These studies suggest that the tropical
Andes (north of 27◦S) have suffered a warming trend of 0.15–
0.2◦C/decade above the 4000 m.a.s.l during the last four decades.
Vuille et al. (2015) further suggest that future warming at
higher elevations will likely enhance vertical stratification of
atmospheric temperature trends, whereas in coastal locations,
temperature trends will depend on changes in large-scale
circulation controlling near-coastal sea surface temperature
(SST), and on the state of Pacific Oscillations, such as the Pacific
Decadal Oscillation (PDO).
Climate of the subtropical and extratropical Andes (South of
27◦S; Chile and Argentina) has undergone significant changes
during the last century. Though the in situ data coverage from
meteorological and hydrological stations is sparse over the
region, several studies dealing with a variety of datasets and
analysis show agreement in identifying the temperature increase
as the most robust climate signal. However, these trends are not
uniform all along the subtropical and extratropical Andes, but
highly dependent on regional features. Masiokas et al. (2006);
Rusticucci et al. (2014) and Saavedra et al. (2018) reported a
sustained warming trend on both sides of the subtropical Andes
(27◦S-37◦S), especially at annual scale and during the warm
season in central Chile (DJF).
Table 1 summarizes estimates of air surface temperature
trends over different periods in the Andes from previous studies.
Precipitation Trends in the Andes
Trends in annual precipitation exhibit different signs across
sectors in the Andes. For instance, annual precipitation trends
in north tropical (north of 8◦S) and south tropical (8◦S–
27◦S) Andes do not show a homogeneous pattern, ranging
between −4%/decade and +4%/decade with respect to the mean
annual precipitation volume of a 30-year period at the end
of the 20th century. Even within the inter-Andean valleys of
northern South America, precipitation trends have opposite
signs (Pabón, 2012; Carmona and Poveda, 2014; IDEAM-
UNAL, 2018). In particular, precipitation has been increasing
over the eastern slopes of the Andes in Colombia, Ecuador
and northern Peru. For the 1964–2008 period, Martínez et al.
(2011) reported decreasing trends in annual precipitation in
the north tropical (north of 8◦S) and south tropical (8◦S–
27◦S) Andes with exception of the western cordillera of the
Colombian Andes, the Ecuadorian Andes, and a few sites in
the southern highlands of Peru. Martínez et al. (2011) also
reported a positive trend of relative humidity in northern
Ecuador and southern Colombia, and less marked positive trends
over southern Peru and western Bolivia. These trends coincide
with positive cloud cover trends in the northern tropical Andes
during December-January-February, while a negative trend in
the southern sector of the tropical Andes is observed. Barry
and Seimon (2000) suggested an apparent upward shift in
the orographic cloud band over this region, highlighting the
Frontiers in Earth Science | www.frontiersin.org 6 March 2020 | Volume 8 | Article 61
feart-08-00061 March 13, 2020 Time: 19:2 # 7
Pabón-Caicedo et al. Hydroclimate Changes in the Andes
FIGURE 2 | (a) Spatial distribution of the daytime land surface temperature (LST; ◦C/year) trend in austral winter [June-July-August (JJA)] over the Andes between
7◦S and 20◦S for the period 2000–2017 (MODIS LST Data). Trends are significant at 95% (p = 0.05) confidence level. (b) Averages of winter daytime LST trends at
500-m intervals in the tropical Andes (7◦S–20◦S). Values at the top of bars indicate the number of MODIS pixels at each elevation range. (a,b) Are adapted from
Aguilar-Lome et al. (2019). © International Journal of Applied Earth Observation and Geoinformation. Reprinted by permission from Elsevier. (c) Air temperature
trends versus altitude along the western tropical Andean slopes (2◦N–18◦S) for the periods 1961–1990 (blue circle) and 1981–2010 (orange circle). Adapted from
Vuille et al. (2015). © American Geophysical Union. Reprinted by permission from John Wiley and Sons.
importance of this vertical cloud shift supporting cloud forest and
regional natural environment.
The Amazonian side of the north tropical Andes (northern
and northwestern Amazon) has experienced wetter conditions
since the mid-1990s, particularly during its wet season
(December to May) (Espinoza et al., 2009; Gloor et al.,
2013; Barichivich et al., 2018; Wang et al., 2018). Increasing
rainfall intensity has been related to an enhanced convective
activity over this region and the intensification of the Walker
cell since the mid-1990s. Wet-day frequency (WDF) significantly
increases in the northern Amazon (north of 8◦S), producing an
estimated rainfall increase during the March-April-May (MAM)
season of 17% between 1981 and 2017 (Figure 3; Espinoza et al.,
2019a). These significant changes in both WDF and rainfall
in the northern Amazon have been detected since 1998. After
1998, the increase in MAM WDF and rainfall is explained by
enhanced moisture flux from the tropical North Atlantic Ocean
and an increase in deep convection over the northern and
northwestern Amazon.
Over the central and southern Amazon, the dry-day
frequency (DDF) has increased in austral winter and
spring, during the 1981–2017 period, particularly for
September-October-November (SON) (Espinoza et al., 2019a),
which corresponds to the wet season onset in this region
(Figure 3). Consistently, total rainfall in the southern Amazon
during SON also shows a significant decrease of 18% during
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TABLE 1 | Trends detected in air temperature and precipitation in the Andes.
Region Air Temperature Precipitation Period Analyzed Authors
VNZ Increase of minimum
temperature; decrease of diurnal
temperature range (last 25 years
of their analysis)
1965–1990 Quintana-Gómez, 1999
Increase of precipitation between
25 and 75 mm/decade
1950–2010 de los Skansi et al., 2013
COL Increase of mean temperature
between 0.01–0.08◦C/year
Increase of precipitation over
41% of sites between 0.1 and
7.0 mm/year; decrease in 44% of
sites between 0.1–7.4 mm/year
25–50 years Carmona and Poveda, 2014
Increase of mean temperature
between 0.1 and 0.2◦C/decade;
slight decrease in number of frost
days
Decrease of precipitation in most
of the Colombian Andes; increase
in some places of the Magdalena
river basin slopes
1960–2005 Pabón, 2012
Increase of precipitation between
25 and 75 mm/decade over the
Andes of Colombia; decrease of
precipitation between 75 and
25 mm/decade in the Andes of
Colombia
1950–2010 de los Skansi et al., 2013
ECU Increase of maximum and
minimum temperatures (average
increase of 0.25◦C/decade)
Increase of precipitation in most
sites of Andes
1966–2011 Morán-Tejeda et al., 2016
Overall increase of number of
warm days and warm nights;
reduction of cold days and cold
nights
Increase of precipitation between
0.25 and 0.5 mm/year
1950–2010 de los Skansi et al., 2013






Espinoza et al., 2011;
Lavado-Casimiro et al., 2012
PER Increase of mean temperature of
about 0.09◦C/decade over the
Amazon-Andes basin
1965–2007 Lavado-Casimiro et al., 2013
Decrease in total annual rainfall in
the southern Amazon basin.
Decrease in 1-day and 5-day
yearly maximum rainfall in the
central coast of Peru, with an
increase in the number of wet
days
1965–2010 Heidinger et al., 2018
Negative trend in precipitation in
central Peruvian Andes of
−4%/decade during
January–March
1970–2004 Silva et al., 2008
Overall increase of number of
warm days and warm nights;
reduction of cold days and cold
nights
Slight increase of precipitation (up
to 25 mm/decade) at the
northern and a small sector at the
southern Peruvian Andes;
decrease of precipitation
(25–75 mm/decade) over the
central Peruvian Andes and close
to Bolivia
1950–2010 de los Skansi et al., 2013
Annual minimum (maximum)
temperature increase of 0.18
(0.16) ◦C/decade
1964–2014 Vicente-Serrano et al., 2018
In Cordillera Blanca (8◦S-11◦S),
an increase of 0.31◦C/decade
over 1969–1998 and a slowdown
in the warming to 0.13◦C/decade
over 1983–2012
1969–2012 Schauwecker et al., 2014
(Continued)
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TABLE 1 | Continued
Region Air Temperature Precipitation Period Analyzed Authors
BOL Increase of mean temperature of
0.1◦C/decade
Increase of precipitation before
1984 (12% in DJF and 18% in
JJA); decrease since 1984 (4% in
DJF and 10% in JJA)
1960–2009 Seiler et al., 2013a
Increase of number of warm
nights; decrease of number of
cold nights; in some places
decrease of warm days and
increase of cold days
Decrease of precipitation
between 75 and 25 mm/decade
at the northern Bolivian Andes;
increase precipitation (up to
25 mm/decade) in some places
over the central Bolivian Andes
1950–2010 de los Skansi et al., 2013
Decrease of annual rainfall in
southern Bolivian Amazon.
Rainfall increase in northern
Bolivian Amazon during
December-February
1981–2018 Espinoza et al. (2019b)
CHI Increase of number of warm days
and warm nights; reduction of
number of cold days and cold
nights
Increase of precipitation in some
places over central Chilean
Andes; decrease of precipitation
from central to southern Chile
1950–2010 de los Skansi et al., 2013
Decrease of annual precipitation
about 65 mm/decade (7.1%) in
central Chile
1979–2014 Boisier et al., 2016
Robust drying trend (30◦S to
48◦S) over 1960–2016
1960–2016 Boisier et al., 2018
More drought events since the
second half of the twentieth
century (30–37◦S)
1910–2011 González-Reyes et al., 2017
In central and northern Chile
(17◦–37◦S): strong vertical
stratification of temperature
trends in the atmosphere west of
the Andes: a warming in the
Andes (+0.25◦C/decade) and
surface cooling at coastal
stations (−0.2◦C/decade)
1979–2006 Falvey and Garreaud, 2009
Central Chile (30–35◦): Significant
warming trends in Andes are
largely restricted to austral spring,
summer and autumn seasons
1979–2015 Burger et al., 2018
ARG Increase of annual precipitation in
the arid, high-elevation southern
Andean Plateau; decrease of
annual precipitation at low
elevations
1979–2014 Castino et al., 2016
Reduction of number of cold
days and cold nights; increase of
number of warm days and warm
nights
Increase of precipitation in
northern and central Argentinian
Andes; decrease of precipitation
in the southern Argentinian Andes
1950–2010 de los Skansi et al., 2013
the period 1981–2017 (Espinoza et al., 2019a). In agreement,
Marengo et al. (2011, 2018a) and Fu et al. (2013) show that the
dry season length over the southern Amazon has increased in
around 1 month since the 1970s (Figure 3), which is associated
with a delay in the onset of the SAMS (Arias et al., 2015).
Rainfall trend in the south tropical Andes (8◦S–27◦S)
shows a high sensitivity with respect to the specific region
and period considered (Lavado-Casimiro et al., 2012, 2013;
Seiler et al., 2013a; Heidinger et al., 2018). In Bolivia, Seiler et al.
(2013a) document an increase of rainfall during the 1965–1984
period, and a rainfall decrease since 1984. These results are in
agreement with Espinoza et al. (2019a; 2019b) and Molina-Carpio
et al. (2017), who report an increase in dry conditions in most
of the Bolivian Amazon-Andean rivers since the 1980s. In the
Peruvian Andes, including the Pacific coast and the Titicaca
basin, no significant rainfall trends are documented (Lavado-
Casimiro et al., 2012; Rau et al., 2016); however, decreasing
rainfall since 1970 has been reported in the central and southern
Peruvian Amazon-Andes (e.g., Silva et al., 2008; Espinoza et al.,
2011; Lavado-Casimiro et al., 2012; Heidinger et al., 2018). Over
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the subtropical Andes (27◦S-37◦S), central Chile shows declining
precipitation since 1970 partly associated to the variability
of the PDO, although at least 25% of this decline is not
explained without considering anthropogenic forcing (Boisier
et al., 2016). Further analyses confirm this drying trend over
central and southern Chile and its link to ozone depletion over
the Antarctic (Boisier et al., 2018), affecting regional vegetation
and watersheds (Garreaud et al., 2017) and forest fires intensity
(Urrutia-Jalabert et al., 2018).
Over the subtropical northwestern Argentinian Andes,
Castino et al. (2016) found that precipitation trends are strongly
dependent on elevation: low (500 m above sea level -m.a.s.l.),
intermediate (500–3000 m), and high-elevation (>30000 m.a.s.l)
areas respond differently to changing climate conditions, and
the transition zone between low and intermediate elevations is
characterized by the most significant positive annual rainfall
trends since 1950. At low elevations areas, generalized decreasing
trends are observed.
Table 1 summarizes estimates of precipitation trends over
the Andes identified from several studies based on different
periods and datasets.
Surface Hydrology Trends in the Andes
The sparse and short period of observations of hydrological
networks in the Andes hinder the study of hydrological variability
and trends in the region. It also hampers hydrological modeling
and regional studies (Buytaert and Beven, 2009; Paiva et al.,
2011; Zulkafli et al., 2014; Wongchuig-Correa et al., 2017; Zubieta
et al., 2017). At the same time, airborne measurement such as
satellite-derived precipitation data has large uncertainties in this
region, and remote sensing water level data is almost impossible
to obtain from the narrow rivers and valleys present in the
region. As a consequence, hydrological modeling has been used
to extend historical records, simulate land-use and future climate
change scenarios and get a better understanding of hydrological
processes in the Andes (Buytaert and Beven, 2009; Paiva et al.,
2013; Zulkafli et al., 2016; Olsson et al., 2017; Zubieta et al.,
2017). Thus, hydrological modeling studies in the region are
foreseen to increase.
Despite data shortcomings, several studies based on data from
measurements have provided further evidence of hydroclimate
changes in the Andes. Carmona and Poveda (2014) found that
series of monthly mean river discharge in the tropical Andes
of Colombia exhibit significant decreasing trends, although
the signal in monthly precipitation records is mixed. Lavado-
Casimiro et al. (2012) found no significant trends on mean
annual discharge in the western Peruvian Andes and Titicaca
Lake tributaries in the northern Altiplano during the 1969–2004
period. Annual river runoff in the western Andes of Colombia,
Ecuador, and Chile appeared to increase significantly (Mernild
et al., 2018). In the Pauto basin (Ecuador) over the tropical Andes,
Mora et al. (2014), found increasing trends in maximum flows
and decreasing trends in minimum flows. Espinoza et al. (2011,
2013), Zulkafli et al. (2016); Molina-Carpio et al. (2017) and
Wongchuig-Correa et al. (2017) suggest an increasing frequency
of droughts and floods in the Andean Amazon region. In
the Andes-Amazon region, studies on different specific regions
have found diverging trends in river discharge (generally since
the 1970s or 1980s). In general, these studies show decreasing
discharge trends in the southern Amazon-Andes region (South
of Peru and Bolivia) and increased trend in the north (Espinoza
et al., 2009; Lavado-Casimiro et al., 2012; Molina-Carpio et al.,
2017; Wongchuig-Correa et al., 2017; Ronchail et al., 2018). Some
of these changes are associated to both Pacific and Atlantic SST
anomalies and atmospheric moisture transport anomalies from
the tropical Atlantic into the Amazon basin. In addition, the
superposition of northern with Andean western and southern
tributaries flood waves have been observed in several extreme
floods in this region (Marengo et al., 2012b; Espinoza et al., 2013;
Ovando et al., 2016).
The Amazonian side of the north tropical Andes (northern
and northwestern Amazon) has experienced an increase in
discharge of the northern tributaries of the Amazon River,
especially during the period December-May (Espinoza et al.,
2009; Gloor et al., 2013; Marengo and Espinoza, 2016; Barichivich
et al., 2018), associated with increases of rainfall (see section
“Precipitation Trends in the Andes”). Other authors document
recent changes in the timing of the annual hydrological cycle in
this region. For instance, Ronchail et al. (2018) found a trend
to delayed endings and longer duration of the low-water period
at Tamshiyacu on the upper Amazon River, as well as a more
abruptly ending of the flood recession in this region. Rainfall
intensification over the northern Amazon after 1998 (see section
“Precipitation Trends in the Andes”) has produced a major
frequency of extreme floods, as recently confirmed by Barichivich
et al. (2018), who showed that flood frequency of the Amazon
River during the 1903–2015 period has experienced a significant
fivefold increase from roughly one flood every 20 years during
the first half of the 20th century to one about every 4 years from
the 2000s onward (Figure 3). In the Argentinian Andes, Castino
et al. (2016) found statistically significant increasing trends in
river discharge during the 1940–2015 period, documenting an
intensification of the hydrological cycle during this period.
Evidence of hydrological changes are also observed in the
subtropical and extratropical Andes as changes of snow cover and
glacier extension. The robust pattern of positive trends found in
temperature records, together with the generalized recession of
glaciers observed in the region, suggest that significant changes
in climate have already impacted glacier mass balances in the
subtropical and extratropical Andes. Changes in temperature
and precipitation are the main drivers of changes in snowpack,
which may have a strong socioeconomic impact in the region.
In fact, Peru, Bolivia, Chile, and Argentina depend on snow
and/or glaciers melt for water supply due to short rainy seasons
(Masiokas et al., 2010; Peduzzi et al., 2010; Rabatel et al., 2013).
Studies focused on assessing trends in snowpack coverage provide
contradictory results, mainly owing to the quality and quantity of
snow data. Masiokas et al. (2006) reported no significant trends
of snow cover for the period 1951–2004 over the subtropical
Andes (from 27◦S to 37◦S) while Saavedra et al. (2018) revealed
a significant negative trend of snow cover between 29◦S and
36◦S during the period 2000–2016, being this decrease even more
pronounced on the eastern side of the Andes. The relevance of
identifying trends on snowpack characteristics is clear due to
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FIGURE 3 | Spatial distribution of Kendall coefficient values (p < 0.05 are indicated with a dark dot) showing the trend for: (A) 1981–2017 DDF during SON season
and (B) 1981–2017 WDF during MAM season. DDF (WDF) are defined as days with rainfall <1 mm (>10 mm). Adapted from Espinoza et al. (2019a). © Climate
Dynamics. Reprinted by permission from Springer Nature. (C) Hovmoller diagram showing monthly rainfall (1951 to 2017) for southern Amazonia (mm/month). The
isoline of 100 mm/month is an indicator of dry months in the region (Sombroek, 2001). Drought years are indicated with green lines. Red lines show the average
onset and retreat of the rainy season [Adapted from Marengo et al. (2011) and updated to 2017 in Marengo et al. (2018b). © American Geophysical Union. Used
with permission]. Yellow line shows the trend to a longer dry season after the mid 1970’s climate shift. (D) Daily water level of Negro River at Manaus (black;
1903–2015) and Amazon River at Óbidos (red; 1968–2015). The horizontal dotted lines denote the thresholds used to define drought (15.8 m) and flood (29.0 m)
events from the Negro River daily water level data. The resulting events are indicated by orange (droughts) and blue (floods) vertical ticks at the bottom of the panel.
(E) Time-varying frequency of the identified droughts and floods between 1903 and 2015. Adapted from Barichivich et al. (2018). CC licence. © American
Association for the Advancement of Science.
its influence on river discharges. However, more extended data
records are still needed to provide fully supported evidence of
trends in snow pack coverage in the region.
Several studies on monthly and annual mean discharge in
the Andes show divergent trends (or no trends at all) and
uncertainty is still large. The complexity of hydrological processes
along the region, differences in records length, contrasting
hydroclimatic variability between regions and the impact of
man-induced changes (see section “Vegetation Cover and
Land Use Change in the Andes and Its Effect on Regional
hydroclimatology”) are possible explanations for these divergent
trends. For instance, Marengo et al. (1998) identified decreasing
trends of minimum flows during the 20th century in the
northern Pacific coast of Peru associated to increased water
abstraction for irrigation and water supply (Rau et al., 2016).
In the Rimac River (the main source of fresh water for Lima
city), regulation or hydraulic diversion projects developed in
the basin since the 1960s produced significant changes in the
hydrological regime. The annual minimum flows increased
by 35% while maximum flows decreased by 29% after the
regulation data (Vega-Jácome et al., 2017). Souvignet et al.
(2012) identified contrasting short and long-term discharge
trends in the “Norte Chico” region of Chile (29–32◦S). Along
the Desaguadero River and Poopo Lake basins in the central
Altiplano, a decreasing discharge trend has been identified over
the 1966–2012 period (Satgé et al., 2017), associated to increasing
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water diversion and transfer, having climate variability as a
secondary cause.
Further south, the rivers originating in the Andes between
18◦ and 55◦S also constitute a crucial natural resource and
support numerous ecosystems, human populations and a large
number of socio-economic activities throughout Chile, western
Argentina and southwestern Bolivia. Masiokas et al. (2019)
compiled an extensive database of mean monthly streamflow
records from these countries to identify the areas with common
patterns of hydroclimatic variability during the instrumental era
(early 20th century – present). Their results indicate that about
75% of the total variance in the mean annual (April-March)
series can be explained by only eight spatially coherent patterns
of variations (Figure 4A). In the central Andes of Chile and
Argentina, the Norte Chico region in Chile, and the northwestern
portion of Patagonia, river flows show marked negative trends
that culminate in the severe droughts that these regions have
been experiencing since 2009–2010. On the contrary, the river
flows in northwestern Argentina and southern Bolivia, southern
Patagonia (Santa Cruz river), and Tierra del Fuego show positive
trends with above-average values in the last decades (Figure 4).
The ENSO phenomenon in the tropical Pacific can be used to
predict between 20% and 45% of the variations observed in the
annual streamflows of the Andean basins located between 28◦
and 46◦S. Other large-scale ocean atmospheric indices, such as
the SAM or the PDO, also show associations with Andean flows,
but their predictive power is weaker than that detected with the
El Niño indicators (Masiokas et al., 2019).
Vegetation Cover and Land Use Change
in the Andes and Its Effect on Regional
Hydroclimatology
The surface land cover of the Andes, a crucial element in
water balance, energy budget and climate, has been modified by
humans since the beginning of their settlement in high- and mid-
altitudes to accomplish their primary needs: shelter, food, and
energy. This environmental transformation has been happening
during the Holocene (Young, 2009), but became more intense
during the last millennium, accelerating about 500 years ago.
Currently, diverse ways of land use continue actively producing
changes with strong effects on biodiversity, soil dynamics,
climate, water resources availability, and hydroclimate extremes.
According to Salazar et al. (2015), 3.6 million km2 of the original
natural vegetation cover in non-Amazonian South America (the
Andes is a large part of this region) were converted into other
types of land use, which is about four times larger than the
historical Amazon deforestation. In contrast, land use and land
cover (LULC) change processes in non-Amazonian regions have
been less studied (Salazar et al., 2015).
Several studies have been conducted in the last decades in
order to improve our current knowledge about LULC change
dynamics and drivers in the Andes (Etter et al., 2008; Armenteras
et al., 2011; Rodriguez-Eraso et al., 2013; Salazar et al., 2015).
Rodriguez-Eraso et al. (2013) suggest that cropland, pasture, and
secondary vegetation over the north tropical Andes (north of
8◦S) showed systematic transitions, changing from a traditional
land use to pasture in 1980–2000 period. These authors also
note a high spatial variability of transition trends in the region,
controlled mainly by attractors and biophysical features. The
AR5 (IPCC, 2014), and the Special Report IPCC (2019a) notes
that at least for the tropical Andes, the responsible forces of
LULC change are deforestation, agriculture, cattle ranching, and
gold mining (IPCC, 2014, 2019a), although other socio-political
dynamics play important roles in this process (Diaz et al., 2011;
Hoffman et al., 2018; Salazar A. et al., 2018).
Celeri and Feyen (2009) explored the hydroclimatic effect
of LULC changes in the Andes and established a climate-
dependence of conversion from a given land cover to another
(for instance, from forest to pastures; from forest to crops;
from pastures to crops). Aide et al. (2019) evaluated the
change in the distribution of woody vegetation in the tropical
Andes for the 2001–2014 period using Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite data (250 m pixel
resolution) (Figure 5). These authors estimated an overall net
gain of (∼500,000 ha in woody vegetation. Forest loss dominated
the 1,000–1,499 m elevation zone and forest gain dominated
above 1,500 m.a.s.l. Forest loss at lower elevations is related to
transition from forest to pastures and croplands, while forest
gain in abandoned pastures and cropland dominate in mid-
elevation areas.
Changes of land cover modify surface radiative properties
(albedo and absorption), inducing an effect on surface radiation
balance; consequently, LULC changes produce changes in mean
surface temperature. Furthermore, LULC changes also have
effects on soil-vegetation interactions, which further modifies the
hydrological cycle (Bonan et al., 2012). In some cases, for example
in transitions from forest to pasture, LULC changes are associated
with increasing surface temperature and decreasing soil moisture,
precipitation and cloudiness. By contrast, transitions from
pastures to coffee crops reduce mean air surface temperature
(Figure 6) and increase precipitation (Carvajal-Vanegas and
Pabón-Caicedo, 2014). These regional effects of LULC change on
local hydroclimate may smooth or enhance the signal of global
climate change, which result in different impacts on water and
energy fluxes as well as on the whole regional environment.
Deforestation has a direct effect on hydrological cycle
and energy budget, since forest loss modifies land cover
and subsequently hydrological and radiative properties of
the soil-vegetation interface. Different studies have addressed
deforestation in the Andes at diverse scales. Schoolmeester et al.
(2016) compared deforestation rates during two periods (2000–
2005 and 2006–2010), finding rate reductions in some Andean
countries (Bolivia, Ecuador and Venezuela) and increases in
others (Peru and Colombia), although forest loss occurred
over the entire region during the overall period of 2000–
2014. Later, Armenteras et al. (2017) summarized 369 papers
issued within a recent 25 years period and analyzed information
with a standardized deforestation rate index in the Andes for
tropical mountain forest, subtropical dry forest and subtropical
temperate and mixed forests. Their results suggest a high rate of
deforestation in the subtropical and extratropical Andes (Chile
and Argentina), followed by the tropical Andes (Bolivia, Ecuador,
Colombia, and Peru). Deforestation rates vary in the considered
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FIGURE 4 | (A) Map showing the location of the selected river basins used to identify the main regional patterns of streamflow variations in the subtropical and
extratropical Andes (18–55◦S). (B) Mean annual (April–March) regionally averaged streamflow record for the PC1 sub-region (thin red line). Ten-year moving averages
(thick red line) are also shown to highlight the lower frequency variations in this record. (C–I) Same as (B), but for PC2 trough PC8, respectively. See Masiokas et al.
(2019) for details.
period, depending on the geophysical and socioeconomic drivers
in each country. Furthermore, Armenteras et al. (2017) highlight
the convenience of addressing the particular features of each
type of forest (dry forest, low-altitude forest, etc.), and not
only those related to the main cover forest, in order to
assess different analysis regarding water resources as well as
hydrological cycle modeling.
Deforestation is one factor that conduces to land degradation
(soil loss by water/wind erosion, soil salinization or acidification,
soil compaction and drainage suppression), aridization of
extended areas, advance of dunes or arid environments
(desertification), biological degradation, soil pollution, and
landslides, processes that have effect on regional hydroclimate.
Several studies have suggested land/soil degradation is related to
different causes in different areas along the Andes (e.g., Sayago
and Collantes (2016) for Argentina; Preston (2016) for Bolivia;
Metternicht and Zinck (2016) and Hugo (2008) for Argentina,
Chile, Bolivia, Peru, Ecuador, Colombia, and Venezuela).
At a local scale, deforestation has been related to an increase
of the magnitude of floods and droughts (Farley et al., 2005).
Bare soils favor runoff, increasing flow velocities and reducing
the time for water getting the basin outlet, thus increasing the
occurrence and magnitude of peak discharges. On the other
side, deforestation reduces infiltration, as well as surface and
groundwater storage, leading to the reduction of base flows.
These effects are particularly strong in mountain regions and have
been extensively modeled (Buytaert and Beven, 2009).
The impacts of forest loss are not limited to areas where
land cover changes occur but have a regional influence through
atmospheric circulation mechanisms, for instance over the Andes
and the Atlantic Ocean (i.e., Boers et al., 2017; Agudelo et al.,
2019; Molina et al., 2019). For instance, the Amazon basin
provides the Andean region with substantial contributions of
water vapor (Sakamoto et al., 2011; Arias et al., 2015; Hoyos
et al., 2017, 2018; Salazar J. F. et al., 2018), therefore vegetation
changes in the Amazon rainforest modifies atmospheric moisture
transport and hydroclimate in the Andes (Builes-Jaramillo et al.,
2017; Agudelo et al., 2019; Molina et al., 2019). In this sense,
vegetation–atmosphere feedbacks could play a crucial role in
future precipitation over the Andes region.
Soil erosion is an immediate effect of deforestation in
the Andean slopes. Human-induced soil erosion reduces
soil productivity, compromises freshwater ecosystem services
and drives geomorphic and ecological change in rivers and
floodplains. By combining observations and modeling, Restrepo
et al. (2015) estimated that erosion rates within the Magdalena
drainage basin in Colombia have increased 33% between 1972
and 2010, increasing the river’s sediment load by 44 Mty−1.
Much of that river catchment (79%) is under severe erosional
conditions due in part to the clearance of more than 70%
natural forest between 1980 and 2010. It has been estimated
that 9% of the sediment load in the Magdalena River basin is
due to deforestation and 482 Mt of sediments was produced
due to forest clearance over the last three decades. Extreme
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FIGURE 5 | Distribution of elevation classes within the tropical and subtropical Andes and hexagons with a significant 14-year linear increase or decrease in woody
vegetation in each country. From Aide et al. (2019).
climate events play also a major role in the production
of sediments, such is the case of El Niño events in the
Pacific coast of Peru and Ecuador (Morera et al., 2017).
The Andean cordillera provides more than 90% of the
total of the sediment load observed in the Amazon Basin,
with a major contribution from southwestern rivers such as
Ucayali and particularly the Madeira River, which accounts
for nearly 50% of the total sediment transported into the
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FIGURE 6 | Types of land use and land cover (left) and profiles of surface temperature (right) along the dark dotted line. Note the temperature differences between
land use transitions: (A) pastures – natural Andean forest; (B) pastures – forestry; (C) coffee plantations – pastures; (D) coffee – urban area; (E) urban area –
secondary vegetation – pastures. Adapted from Carvajal-Vanegas and Pabón-Caicedo (2014).
Amazon system (Armijos et al., 2013; Santini et al., 2015;
Vauchel et al., 2017).
Although deforestation has impacts on water cycle, it has
been established that inadequate forestation may also have
negative effects on water availability since some exotic tree
plantations and a few native species are high-water consumers
and may reduce downstream runoff supply (Balthazar et al.,
2015; Bonnesoeur et al., 2019). Most of Andean countries
have developed several projects regarding restoring vegetation
cover and the re-establishment of ecosystem services like
water supply, by using alien species (eucalyptus and pine, for
example), reducing runoff and water availability. These findings,
besides the practical application they may have in planning
and environmental management, highlight the importance to
take into account details of forest composition, in the sense
of considering the role of specific tree species in water budget
quantification and hydrological cycle studies.
PROJECTED CHANGES IN THE ANDES
DURING THE 21ST CENTURY
Temperature and Precipitation
Projections From CMIP3/CMIP5 Models
and Associated Uncertainties
Coupled Atmosphere Ocean General Circulation Models
(AOGCMs) and Earth System Models (ESMs) (referred hereafter
to as Global Climate Models – GCMs) are the main tool for
projecting future climate changes. Multi-model ensembles from
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coordinated GCMs experiments such as the Coupled Model
Intercomparison Projects (CMIP3 and CMIP5) (Meehl et al.,
2007; Taylor et al., 2012) have become indispensable for assessing
future changes in climate at global and large regional scale and
for quantifying their uncertainties. Figure 7 shows the change
of precipitation and air surface temperature in South America
projected by the end of the 21st century (2071–2100) under the
high emission scenario RCP8.5, considering an ensemble mean
of 48 CMIP5 models.
There is a general agreement among the models on the
warming over the Andes, which exhibits the lowest values
over extratropical latitudes (less than 3◦C) and the highest
values (up to 5◦C) over the central region (Figure 7B). The
latter is associated with the largest warming over the continent
projected for the Amazon river basin (Blázquez and Nuñez,
2013), especially during the dry and dry-to-wet transition
seasons (Figure 7B). The projected changes in precipitation are
associated with large uncertainties (Figure 7A). The only Andean
region where the CMIP5 models agree on the sign of future
changes is central Chile, in the subtropical Andes (Figure 7A;
SON). As mentioned in section “Precipitation Trends in the
Andes,” in this region, the large-scale regional drying has been
already evidenced as an emerging anthropogenic signal from
a background observed variability (Boisier et al., 2016). The
drying is projected to pursue in the future (Zazulie et al., 2017)
in association with the positive SAM-like circulation change in
summer caused by stratospheric ozone depletion which amplifies
the effect of the same sigh driven by the greenhouse gas forcing
in all seasons (Boisier et al., 2018).
Despite rather low confidence in the CMIP3/CMIP5 ensemble
mean projections of precipitation over the tropical northern
and southern Andes, some consensus can be found in the
literature regarding future changes. Schoolmeester et al. (2016)
summarized findings by Vuille et al. (2008) and Magrin et al.
(2014) for the tropical Andes, and suggest that the northwestern
region of Colombia, Ecuador and Peru will experience more
precipitation than that observed in the present climate, while a
decrease of precipitation is expected in the northeastern Andes
of Venezuela and Colombia, Southern Peru, and Bolivia. A longer
dry season is expected over the southern Amazonian Andes (Fu
et al., 2013; Guimberteau et al., 2013; Boisier et al., 2015). The
Altiplano region will exhibit a strong precipitation decline driven
by an increasing westerly flow over the Central Andes (Minvielle
and Garreaud, 2011; Thibeault et al., 2012; Neukom et al.,
2015). In particular, under the assumption of a stable and linear
relationship between precipitation and upper level zonal wind,
Neukom et al. (2015) suggest a precipitation decrease of 19–33%
for 2071–2100 relative to present-day conditions (RCP8.5).
Due to the coarse spatial resolution of CMIP5 models,
projections for the Andes give a generalized picture of changes
over extended areas. Within these areas, different sub-regional
expressions of climate variability and change may occur and
then the area average may not be representative of the actual
changes, which may show opposite signals between regions, as
evidenced from the recent observed trends (see sections “Air
Surface Temperature Trends in the Andes” and “Precipitation
Trends in the Andes”). As an example, Figure 8 illustrates the
regional topography of Uyuni Salt Flats (Bolivia), located at
heights between 3650 and 5000 meters over a 2 × 2 degree
area (19–21◦S, 69–67◦W). Note that the typical resolution
of atmospheric components in CMIP5 models is about 1.5◦
(Haarsma et al., 2016). By consequence, the maximum height of
the plateau in CMIP5 models is 4000 m.a.s.l. Analysis of such
region in a GCMs ensemble is a complex task because of different
representations of the mountains among the models. Indeed, the
Andes produce a huge disturbance of the atmospheric circulation
over South America, which organizes particular climates over
inward and leeward sides of the range. Since simulated climate
has strong dependence on the topographical height assigned to
the grid points representing the mountains, spatial distribution
of particular climates may strongly differ among models. One
possible way to circumvent these limitations, is based on the
methodology proposed in Fita et al. (2019), in which an objective
classification of the simulated domain is performed by slices,
based on three criteria: latitudinal bands, topographical height,
and western or eastern side of the mountain range. One of
the other advantages of the technique is that no additional
interpolation is required.
Taking the example of the 2 × 2 degree box over Uyuni Salt
Flats and an ensemble of 25 CMIP5 models (under the RCP8.5
scenario), Figure 9 shows the precipitation and 2-m maximum
and minimum air temperature in the present climate and their
future changes for different slices defined by given altitude and
mountain range face (uphill, peak and downhill). Therefore,
Figure 9 do not display gradients but integrate information from
different sub-ensembles that have been built clustering models
according to a dynamical-robustness criteria. Temperature is
projected to increase everywhere over the Uyuni box with
differences in intensity between changes for maximum and
minimum temperature, as well as between the mountains range
faces, and between altitudinal zones. Projections for precipitation
show negative change, except for the uphill slice at a height
of about 3500 m.a.s.l, where positive changes are projected
according to the five models that resolve this altitude. It is
worth noting that even the detailed analysis of future projections
proposed by Fita et al. (2019) that takes into account the
geographical specificities of the Andean region, suggests generally
a large dispersion between models in terms of future changes
in precipitation.
In general, large uncertainties in model projections of
precipitation over the Andes are associated with large errors in
representations of regional precipitation and their controlling
processes. Indeed, whereas CMIP5 models simulate relatively
well the near-surface air temperature in different regions of the
Andes (Zazulie et al., 2017, 2018), they generally fail in simulating
regional precipitation. Sierra et al. (2015, 2017) and Bonilla-
Ovallos and Mesa (2017) question the ability of the CMIP5
models to represent precipitation and its seasonal cycle in the
northern tropical Andes (North of 8◦S). Fu et al. (2013) found
large models errors in simulating the dry season length over
the Southern Amazon basin and linked them to remotely driven
errors in local convective inhibition energy in austral winter and
to a general underestimation of the variability in the latitudinal
position of the subtropical jet. Zazulie et al. (2017, 2018) show
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FIGURE 7 | Ensemble mean projected changes of (A) air surface temperature (in ◦C) and (B) precipitation (in mm/day) in South America. Change is estimated as the
difference between the RCP8.5 projection by the end of the 21st century (2071–2100) and the historical simulation by the end of the 20th century (1971–2000).
Ensemble mean is obtained considering 48 CMIP5 models. Dots indicate an agreement in the sign of the projected change among 80% or more of the models.
FIGURE 8 | The Uyuni Salt Flats geographical location in Potosi, Bolivia (left). 1-km resolution map of topography (meters) in a 2◦×2◦ box, shows Uyuni region as
represented in CMIP5 models (right).
that the models have deficiencies in reproducing precipitation
over the subtropical Andes of Chile and Argentina (30–37◦S)
especially in summer, the latter being attributed to an unrealistic
simulation of the summer low-level jet east of the Andes.
The above-mentioned biases in CMIP-class climate
simulations suggest that using precipitation projections for
downstream applications and impact studies in the Andes should
be done after applying bias correction techniques to the raw
GCM outputs (e.g., Mourre et al., 2016; Heredia et al., 2018).
In parallel, it is indispensable to improve the representation of
the regional specificities of the Andes in any modeling effort,
in order to better represent the interaction between main
circulation and local complex orography, which is the cause of
climate diversity in the Andes.
Regional Climate Downscaling
Since the hydroclimate diversity and complexity of the driving
processes of the Andes can be hardly represented by the
current generation of global models, dynamical and statistical
downscaling techniques are widely used to assess climate change
effects at regional scales. Several initiatives have been developed
based on the implementation of Regional Climate Models
(RCM) to produce high resolution climate simulations over the
Andean region. Some of these initiatives are embedded within
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FIGURE 9 | Ensemble mean response to the projected climate change at Uyuni box, as a function of the height (discretized every 500 m) and mountain range face
(uphill, peak and downhill represented, respectively, by vertical arrays in each box). Results are from 25 CMIP5 models, and for the scenario RCP8.5. First row is for
the precipitation, second row is for the minimum 2-m temperature, and the third row is for the maximum 2-m temperature. Left column presents the ensemble mean
value for the historical period (1960—1990), where pink/green numbers indicate how much models provide data for each slice, and slices without data are in gray.
Middle column is for the change (2040—2070 minus 1960—1990) response. Right column is for the maximum range of the climate change signal.
a more general dynamical downscaling exercises developed
under coordinated frameworks such as the Coordinated Regional
Downscaling Experiment (CORDEX; Giorgi et al., 2009) and the
CLARIS-LPB project (Solman, 2013; Boulanger et al., 2016), both
covering the whole South American domain. This unprecedented
set of RCM simulations have been performed with horizontal
resolutions of roughly 22 and 50 km. The assessment of the
climate change signal for the end of the 21st century over the
Andean region, as derived by this set of coordinated simulations,
has been performed in several studies, such as Marengo et al.
(2012a), Chou et al. (2014), Sánchez et al. (2015), Menéndez
et al. (2016), Ambrizzi et al. (2018), and Zaninelli et al. (2019).
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Dynamical downscaling exercises over several regional domains
covering different Andean subregions have also been performed
at either 50 or 25 km horizontal resolution Marengo et al.
(2009) for the whole South American continent; Urrutia
and Vuille (2009) for tropical South America; Cabré et al.
(2016) for southern South America, and Pabón (2012) for
Colombia). All these studies based on dynamical downscaling
tools agree on projecting a generalized warming over the Andean
region by the end of the 21st century, ranging from 1◦ to
5◦, being the magnitude of the warming dependent on the
region and the emission scenario used. Moreover, the projected
warming is characterized by a complex spatial distribution,
given the complexity of the topography in the region. Projected
precipitation changes exhibit larger uncertainties (Buytaert et al.,
2010), though common features can be highlighted, such as
the drying over the western Andes south of 35◦S during the
SH winter season and the wetting over southern Chile during
summer, in agreement with observed trends. For the northern
Andes, most of the modeling exercises suggest a future increase
in precipitation, though the sign in the projected precipitation
change is highly dependent on the models used. The most
interesting feature of all these modeling efforts is that the
projected precipitation changes are characterized by a complex
spatial distribution, with narrow areas of opposite projected
changes over the Andes. Figure 10 displays the projected
changes in seasonal mean temperature and precipitation from
an ensemble of RCMs from Sánchez et al. (2015). Note that
the ensemble (which includes projections from 10 RCMs)
displays smooth changes in the temperature field, though
the projected change in precipitation displays more complex
features, particularly along the Andes. Inspection of changes
from individual RCMs suggests more complex spatial patterns
that are smooth out when building the ensemble. In addition
to the aforementioned dynamical downscaling efforts, some
authors have developed regional projections based on a variety
of statistical downscaling tools (Minvielle and Garreaud, 2011;
Boisier et al., 2015; Palomino-Lemus et al., 2015, 2017, 2018;
Bozkurt et al., 2018, 2019). For northern Andes (north of 8◦S)
Palomino-Lemus et al. (2015, 2017, 2018) show a general increase
of precipitation between 5% and 20% under the scenario RCP8.5.
For the Altiplano region, Minvielle and Garreaud (2011) suggest
a significant reduction (10%–30%) in precipitation by the end of
the 21th century under SRES A2 emission scenarios. Over the
extratropical Andes, in the Central Chile region, Bozkurt et al.
(2018) show large difference in drying between low and high
emission scenarios (about−3% in RCP2.6 and−30% in RCP8.5),
associated with warming of 1.2◦C and 3.5◦C, respectively.
The reliability of the projected changes from RCMs may
also be built after assessing the extent to which models
are able to represent present climate conditions. Several
studies have focused on assessing the reliability of regional
climate models over the Andes and most of them found
that RCMs usually present systematic biases, such as an
underestimation of temperature at different altitudes (López-
Franca et al., 2016) and a overestimation of precipitation over
the mountains, in particular over the eastern Andes slopes
(Solman and Blazquez, 2019; see Figure 2a in Menéndez et al.,
2016). The origin of these biases lies, at least partly, in unresolved
topographical forcing which remains too smoothed over the
complex terrain of the Andes, limiting the simulation of regional
processes such as the interactions between local circulation and
orography, a key factor in climate modulation at meso-scale
levels. However, even considering these systematic biases, recent
studies have confirmed that CORDEX-type RCMs (e.g., with
a spatial resolution of 20–50 km) have the potential to add
value in the representation of extreme precipitation and mean
surface temperature over the Andes (Falco et al., 2018, 2019;
Bozkurt et al., 2019).
Enhancing the spatial resolution in regional climate models
is crucial in complex topography regions such as Andes, in
particular for assessing the elevational dependence of warming,
which has been already mentioned in section “Air Surface
Temperature Trends in the Andes.” Given that change in albedo
is one of dominant drivers of EDW (Rangwala and Miller,
2012; Pepin et al., 2015), a realistic simulation of the seasonal
transition between snow-covered and snow-free elevation
requires fine spatial resolution allowing accurate representation
of the topography (Palazzi et al., 2019). Furthermore, future
elevation-dependent warming and associated wetting suggested
by previous studies (e.g., Giorgi et al., 1997; Palazzi et al.,
2017, 2019), may lead to locally enhanced convective activity
and therefore affect locally precipitations. For instance, based
on an ensemble of regional climate models simulations
at approximately 12 km resolution, Giorgi et al. (1997)
have demonstrated increasing precipitation in future climate
projections over the European Alpine high peaks, whereas the
forcing GCMs scenarios suggest reducing precipitation over the
region. In order to investigate the role of local processes in
the Andean precipitation response to global warming, related
in particular to orography-atmosphere and land-atmosphere
interactions, it is crucial to apply high-resolution modeling
tools allowing resolving gamma-meso-scales (2–20 km). This
issue becomes an important point for the regional research
agenda. Currently, several projects are exploring the use of
RCMs at gamma-mesoscale resolution for climate projections
in different regions of the Andes (Bozkurt et al., 2019;
Posada-Marín et al., 2019).
Hydrological Projections and Impacts
About surface hydrology projections, several sub-regional and
small scale studies have been carried out. Exbrayat et al. (2014),
using global climate projection produced for IPCC AR4 and
AR5, found for the Ecuadorian Andes a likely increase in
annual runoff by 2100 with a large variability between the
different combinations of a climate model with a hydrological
model, but they pointed out that differences between GCM
projections introduced a gradually increasing relative uncertainty
throughout the 21st century, and structural differences between
applied hydrological models still contribute to a third of the
total uncertainty in the late 21st century runoff projections and
differences between the two emission scenarios are marginal.
Ragettli et al. (2016), for a catchment in the subtropical
Andes of Chile, found that runoff is likely to sharply decrease
in the future and the runoff seasonality is sensitive to projected
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FIGURE 10 | Projections of seasonal mean temperature (left; in ◦C) and seasonal mean precipitation (right; in%) for the period 2071–2100, according to an
ensemble of RCMs for the SRES A1B scenario for JJA (top) and DJF (bottom). Adapted from Sánchez et al. (2015).
climatic changes. Their projections indicate that climate change
adaptation in central Chile should focus on a reduction in
water availability. Also, for Andean basins in Central Chile,
Bozkurt et al. (2017) found that for 21st century droughts would
be increased to up to 5 events/century and the probability of
having more extended events; additionally, analyzing probability
density function of annual maximum daily runoff they found
an increase in the frequency of flood events. In the context
of future climate change, most studies show a large range
of uncertainty, but they project that an intensification of the
hydrological cycle is likely to occur in the Amazon-Andes
region (Guimberteau et al., 2013; Boisier et al., 2015; Marengo
and Espinoza, 2016; Zulkafli et al., 2016). The aforementioned
projected effects of climate change in the Andes will impact
the ecosystems and human socioeconomic systems of the region
(Young et al., 2011).
Large warming during the dry season in the Amazon river
basin could shift the southern Amazon area toward a climate
more appropriate to seasonal forests or savannah rather than
tropical rain-forest (Oyama and Nobre, 2003; Salazar et al.,
2007; Malhi et al., 2008; De Faria et al., 2017). Direct human
intervention, including land use changes, the construction of
new Andean dams in the Amazon basin, among others (e.g.,
Nobre et al., 2016; Forsberg et al., 2017), is also expected to
increase in the future. This scenario represents a high risk
of reduction of the atmospheric moisture generated by the
Amazon rainforest evapotranspiration and its transport toward
neighboring regions, such as the tropical Andes (Lejeune
et al., 2015). Combined impacts of Amazon land use and
climate changes could be even stronger in the Altiplano
(Minvielle and Garreaud, 2011), a semiarid high plateau situated
above 3600 m.a.s.l in the south tropical Andes (14–23◦S). In
addition, the interaction between local-scale and regional-to-
global scale processes is a key topic of research to better
understand tropical climate change, with surface conditions
and water cycle playing a central role in such interactions
(e.g., Builes-Jaramillo et al., 2017).
Schoolmeester et al. (2016) suggest that change in mean
temperature and precipitation regime in the Andes, as well
as glaciers melting, will have a marked effect on runoff and
consequently on water availability for drinking, sanitation,
agriculture, energy and industry. Mean temperature increase
will alter biochemical composition of soil and vegetation,
changing their capacity to regulate water flows. The increase
and concentration of the water demand (due to population
growth and urbanization) will have crucial effects on the water
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supply-demand balance, affecting water availability and causing
regional conflicts that are necessary to anticipate. In this sense,
improving our knowledge and information about these issues
becomes extremely necessary.
CONCLUDING REMARKS AND OPEN
RESEARCH QUESTIONS
The Andes have been subject of different hydroclimate changes
throughout the past two millennia. Over the tropical Andes,
paleoclimate evidence shows relatively warm conditions during
the first centuries of the last millennium followed by colder
temperature between the 15th and 18th centuries, suggesting the
influence of MCA and LIA periods over tropical South America.
Over the South American Altiplano (south tropical Andes) and
central Chile (subtropical Andes), reconstructions indicate a
persistent rainfall reduction since the mid-19th century to the
beginning of the 21st century. Over the extratropical Andes,
temperature reconstructions indicate that the 20th century has
been the warmest period during the last millennium in the
northern Patagonian, to the east of the Andes.
During the last decades, observational data suggest a general
agreement on the occurrence of warmer temperatures over the
Andes. However, there is not yet full agreement whether the
rate of warming is amplified with elevation, which is particularly
important in regions with complex topography, like the Andes. In
this sense, the lack of a dense network of stations along the Andes
does not allow addressing comprehensively this issue.
In contrast to temperature changes, trends in annual
precipitation exhibit different signs across sectors in the Andes.
For instance, annual precipitation trends in north tropical
(north of 8◦S) and south tropical (8◦S–27◦S) Andes do not
show a homogeneous pattern. The Amazonian side of the
north tropical Andes (northern and northwestern Amazon) has
experienced wetter conditions since the mid-1990s, particularly
during its wet season. In opposition, dry conditions have
increased in austral winter and spring over the central and
southern Amazon. Increases of rainfall during the 1965–1984
period and decreases since 1984 have been documented in
Bolivia. In the Peruvian Andes, no significant rainfall trends
are documented, although decreasing rainfall since 1970 has
been reported by several studies in the central and southern
Peruvian Amazon-Andes. Over the subtropical Andes, central
Chile shows a robust signal of declining precipitation since
1970. Over the subtropical northwestern Argentinian Andes,
precipitation trends are strongly dependent on elevation: the
transition zone between low and intermediate elevations is
characterized by the most significant positive annual rainfall
trends since 1950, whereas at low elevations areas, generalized
decreasing trends are observed.
Despite hydrological data shortcomings, several studies have
provided further evidence of changes of surface runoff in the
Andes. River runoff in the western Andes of Colombia, Ecuador,
and Chile appears to increase significantly during the last
4–5 decades. Over Ecuador (tropical Andes), increasing trends
in maximum flows and decreasing trends in minimum flows
are found. Increasing frequency of droughts and floods in the
Andean Amazon region has also been reported. In particular
for this region, studies on different specific regions have found
diverging trends in river discharge: decreasing discharge trends in
the southern Amazon-Andes region (South of Peru and Bolivia)
and increased trend in the north. In the Argentinian Andes,
significant positive trends in river discharge during the last 5–6
decades are documented. Evidence of hydrological changes are
also observed in the subtropical and extratropical Andes as
changes of snow cover and glacier extension. The robust pattern
of warmer temperatures and the overall recession of glaciers in
the region suggest that such changes have impacted glacier mass
balances in the subtropical and extratropical Andes, affecting
river runoff. However, studies of monthly and annual mean
discharge in the Andes show divergent trends (or no trends at
all) and uncertainty is still large. In the central Andes of Chile and
Argentina, the Norte Chico region in Chile, and the northwestern
portion of Patagonia, river flows show marked negative trends.
On the contrary, the river flows in northwestern Argentina and
southern Bolivia, southern Patagonia, and Tierra del Fuego show
positive trends with above-average values in the last decades.
LULC changes influence surface runoff in the Andes. Studies
identify that cropland, pasture, and secondary vegetation over
the north tropical Andes (north of 8◦S) showed systematic
transitions, changing from a traditional land use to pasture. In
particular, the main responsible forces of LULC change over this
region are deforestation, agriculture, cattle ranching, and gold
mining, although other socio-political dynamics are involved.
High rates of deforestation are detected in the subtropical and
extratropical Andes (Chile and Argentina), followed by the
tropical Andes (Bolivia, Ecuador, Colombia and Peru). Such
changes in LULC modify surface properties, affecting energy and
water balances. Detailed studies addressed to understand how
LULC changes influence hydroclimate in the Andes at local and
regional scales are required.
Climate change projections over the Andes show general
agreement on a future warming over the Andes, with the
lowest values (less than 3◦C) over extratropical latitudes and
the highest values (up to 5◦C) over the central region. By
contrast, projections of precipitation in the Andes exhibit higher
spread among models and uncertainties. The only agreement
among models in the Andean region is the drying trend over
central Chile, located in the subtropical Andes, which has been
already evidenced as an emerging anthropogenic signal from a
background observed variability.
The difficulty of GCMs to adequately simulate and project
precipitation changes in the Andes is highly associated
with their coarse spatial resolution. Therefore, downscaling
simulations are required in order to provide more detailed
information at local scale. This is an ongoing research area.
For instance, CORDEX and CLARIS-LPB projects have allowed
the development of dynamical downscaling using RCMs for
climate change projections in the Andes, whereas different
studies have used dynamical and statistical tools suggesting
a general increase of precipitation over the northern Andes
(north of 8◦S) and a significant reduction (10%–30%) in
precipitation by the end of the 21th century over the western
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subtropical Andes. However, RCMs at CORDEX-type resolution
(20–50 km) exhibit biases such as the underestimation of
temperature at different altitudes of mountains and the
overestimation of precipitation over mountain regions, in
particular over the eastern Andes slopes, in association
with unresolved topographical forcing which remains too
smoothed over the complex terrain of the Andes. Higher-
resolution models allowing resolving gamma-meso-scales
(2–20 km) are needed for a more accurate representation
of the topography of the Andes and by consequence for
a more realistic simulation of orography-atmosphere and
land-atmosphere interactions.
This review highlights the necessity of strengthening different
research areas in order to provide a more comprehensive
understanding of past, present and future hydroclimate changes
over the Andes. In this sense, it allowed to identify open questions
tend to indicate research areas to be pursued by the scientific
community. Amongst them, we identify the following topics as
the more relevant to be addressed:
• The immense variety of meso-climates of the Andes,
as a consequence of the interaction of large-scale
circulation with complex topography and regional
circulations systems, requires a more detailed assessment
in hydroclimate studies. Generalized views of large sub-
regions in terms of climate trends and future scenarios
is not sufficient to represent the real processes of this
environmental diversity. Therefore, a more detailed spatial
view is needed in terms of observed trends and projected
climate change scenarios in the Andes. This request to put
on any regional research agenda the challenge of producing
more detailed high-quality data, and the development of
very high spatial resolution modeling and dynamically
robust methodologies of analysis.
• There are different regional-to-local scale processes which
require a further understanding of hydroclimate changes
in the Andes. The most relevant are the altitude and
latitude dependence on the warming signal and the LULC
changes. Efforts are necessary in order to produce more
detailed knowledge on these specific topics for a variety
of sub-regions, stressing the importance of the impacts
of LULC change in the hydrological cycle at local and
regional scale. To achieve this objective, several oriented-
case studies based on observational and high-resolution
numerical modeling approaches have to be promoted.
• Some authors have described diverse mechanisms and
feedbacks that could contribute to EDW and at what
heights each one plays a role (Rangwala and Miller, 2012;
Pepin et al., 2015; Palazzi et al., 2017). It is believed that
complex interactions among snow and other land-cover
albedo, water vapor changes and latent heat release, surface
heat loss, surface water vapor and radiative flux changes,
aerosols, among others, could explain the EDW. However,
they could play different roles at individual heights and
FIGURE 11 | Projected changes in annual temperature (left; in ◦C) and annual precipitation (right; in% related to annual average 1976–2005 period) over the north
tropical Andes as obtained with dynamical downscaling of CCSM4 (top) and MPI (bottom) under RCP4.5 and RCP8.5 scenarios. Weather Research Forecast (WRF)
model was used to downscale to spatial resolution 10 × 10 km. After Armenta-Porras and Pabón-Caicedo (2018).
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locations, clarifying the contrasting trends documented
by different authors (e.g., Vuille and Bradley, 2000;
Ohmura, 2012; Wang et al., 2014). On the other hand,
the PDO fingerprint is visible on the western Andes
at low elevations locations (Vuille et al., 2015): while
coastal regions have been recently affected by a cooling
along the Andes, inland and higher elevations regions
continue to warm. Therefore, the first question to answer
is about the capability of simulations with prescribed SSTs
(AMIP) to reproduce these mechanisms. Future warming
or cooling in the Andes, as well as its EDW, will depend
on regional-to-local feedbacks but also on the balance
between the global warming forcing and the state of
the PDO.
• Regarding climate change projections for the Andes,
besides detailed spatial information that represents the
diversity of climate conditions, it is necessary to reduce
uncertainties in currently produced scenarios. In this sense,
efforts are needed for improving the models used to
simulate hydroclimate processes over this region, including
the impacts of LULC changes in regional atmospheric
circulation (e.g., Saavedra et al., 2018). Improvement and
innovations are also needed to develop methodologies for
downscaling of global/regional models, as well as new
analysis methods over regions with complex topography.
For instance, Figure 11 shows an example of ongoing
efforts to produce very high resolution (10 km) projections
over the north tropical Andes (Armenta-Porras and Pabón-
Caicedo, 2018). Also, it is mandatory to take advantage of
the information provided by the incoming CMIP6 exercise
for a better representation of hydroclimate processes in
the Andes. In particular, high resolution downscaling
of climate change projections at convective permitting
resolutions (higher than 5 km) in a coordinated effort are
urgently required.
• There is an urgent need to better understand the impact
on the projected climate changes over the Andes, since it
holds most of the ecological, social and economic systems
in South America. This is primordial to properly design
strategies of adaptation and mitigation in order to prevent
potential socio-economical conflicts in the entire continent
(e.g., Salazar A. et al., 2018).
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